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A long-standing unsolved problem is how a microscopic theory of superconductivity in cuprate 
superconductors based on the charge-spin separation can produce a large electron Fermi surface. 

Within the framework of the kinetic-energy driven superconducting mechanism, a full charge-spin 
recombination scheme is developed to fully recombine a charge carrier and a localized spin into 
a electron, and then is employed to study the electronic structure of cuprate superconductors in 
the superconducting-state. In particular, it is shown that the underlying electron Fermi surface 
fulfills Luttinger’s theorem, while the superconducting coherence of the low-energy quasiparticle 
excitations is qualitatively described by the standard d-wave Bardeen-Cooper-Schrieffer formalism. 

The theory also shows that the observed peak-dip-hump structure in the electron spectrum and 
Fermi arc behavior in the underdoped regime are mainly caused by the strong energy and momentum 
dependence of the electron self-energy. 
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I. INTRODUCTION 


Superconductivity in cuprate superconductors occurs 
upon charge carrier doping Mott insulator^. Exper¬ 
imentally, it is well established that the Mott insu¬ 
lating state at zero doping develops long-range order 
antiferromagnetisirPEl. Upon doping the antiferromag¬ 
netic (AF) long-range order (AFLRO) disappears rapidly 
and soon thereafter is replaced by the superconducting 
(SC) ground-stat^^. After intensive investigations over 
more than two decades, a large body of data available 
from a wide variety of measurement techniques have in¬ 
troduced important constraints on the microscopic model 
and SC theorjEHn. At the temperature above the SC 
transition-temperature T^, the electron is in a normal- 
state, however, the normal-state in the underdoped and 
optimally doped regimes is not normal at all, since the 
normal-state of cuprate superconductors exhibits a num¬ 
ber of the anomalous propertie^^HS^ in the sense that 
they do not fit in with the standard Landau-Fermi liq¬ 
uid theory. The defining characteristic is that the re¬ 
sistivity grows nearly linearly with temperatur^sHHI^ 
frared measurements confirmed that the resistivity scales 
similarly with energy and temperature, and that the 
anomalous energy dependence extends up to an energy 
equivalent to at least 300 me\®^. More importantly, 
the conductivity in the underdoped and optimally doped 
regimes shows a non-Drude behavio r (the conductiv¬ 
ity decays as —>■ 1 /w) at low energie^^^^, and is car¬ 
ried by 5 charge carriers, where 5 is the charge car¬ 
rier doping concentration. These are strong experimen¬ 
tal evide nces s upporting the notion of the charge-spin 
separatioiP^^. Superconductivity is an instability of the 
normal-state. However, one of the most striking dilem¬ 
mas is that the SC coherence of the low-energy quasi¬ 


particle excitations in cuprate superconductors seems to 
be described by the standard Bardeen-Cooper-Schrieffer 
(BCS) formalisrcP^lliSI^ although the normal-state is un¬ 
doubtedly not the standard Landau Fermi-liquid on 
which the conventional electron-phonon theory is based. 
Angle-resolved photoemission spectroscopy (ARPES) ex¬ 
periments reveal sharp sp ectral p eaks in the single¬ 
particle excitation spectrunpEHSHMl^ indicating the pres¬ 
ence of quasiparticle-like states, which is also consistent 
with the long lifetime of the electronic state as i t has 
been determined by the conductivity measurementJ^^^. 
In particular, as a direct method for probing the electron 
Eermi surface, the early ARPES measurements indicate 
that in the entire doping range, the unde rlying electron 
Eermi surface satisfies Luttinger’s theorenpHtlZl^ ^^0 
electron Eermi surface with the area is proportional to 
1 — (5. Later, the ARPES experimental studies show 
that in the underdoped and optimally doped regimes, 
although the antinodal region of the electron Fermi sur¬ 
face is gapped out, leading to the notion that only part 
of the electron Fermi surface survives as the disconnected 
Fermi arcs around the nodePlEIl, the underlying electron 
Fermi surface determined from the low-energy spectral 
weight still fulfills Luttinger’s theorem in the entire dop¬ 
ing rang^^. These ARPES experimental fact^i^lfSU qjj 
the other hand provide strong evidence s supp orting the 
notion of the charge-spin recombinatiorP^*^. Since the 
electron Eermi surface is a fundamental property of in¬ 
teracting electron systems, the study of the nature of the 
electron Fermi surface should be crucial for understand¬ 
ing the electronic structure of cuprate superconductors. 

Theoretically, it is generally agreed that the strong 
electron correlation plays a dominant role in the descrip¬ 
tion of the anomalous normal-state properties of cu prate 
superconductors and the related SC mechanisirp2E3 
This strong electron correlation originates from a large 
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on-site repulsion between two electrons occupying the 
same site, which effectively translates into an elimina¬ 
tion of double electron occupancy. Apart from the nu¬ 
merical techniques, an intuitively appealing approach 
to implement this elimination of double electron occu¬ 
pancy a nd the ch arge-spin separation is the slave-particle 
approac d^^ l ^^ l ^^ l, where the constrained electron opera¬ 
tor Cia is given by a composite operator as Cia = ajfia, 
with aj as the slave boson and fi^ as the fermion or 
vice versa, i.e., aj as the fermion and as the boson. 
In this slave-particle approach, the operator carries 
spin index (spinon) and the operator aj is interpreted as 
creating a vacancy (holon). The elimination of double 
electron occupancy is presented by the requirement that 
ojai -b J2cr ~ 1 which can be enforced by introduc¬ 

ing a Lagrangian multiplier. Moreover, the doped holes 
are mainly responsible for the charge transport, and the 
relaxation time of the excitation from the spin degree 
of freedom is mainly responsible for the spin response, 
while the SC-state is characterized by t he ch arge-spin 
recombination, forming SC quasiparticleJ^^^. In the 
conventional charge-spin recombination scheme, the elec¬ 
tron Green’s function in space-ti me is a pro duct of the 
holon and spinon Green’s functionJI^IllMEZl xhe result¬ 
ing Fourier transform is a convolution of the holon and 
spinon Green’s functions. However, in the early days of 
superconductivity, w^^ have formally proved that the 
electron Fermi surface observed experimentally from the 
ARPES experiments can not be restored based on the 
conventional charge-spin recombination. In this case, a 
long-standing unsolved problem is how a microscopic the¬ 
ory based on the charge-spin separation can give a con¬ 
sistent description of the electronic structure of cuprate 
superconductors in terms of a full charge-spin recombi¬ 
nation. By the full charge-spin recombination we refer 
to the obtained electron propagator that can produce a 
large electron Fermi surface with an area proportional 
to 1 — i5. For a proper treatment of the s trong electron 
correlation in cuprate superconductors, have de¬ 

veloped a fermion-spin theory based on the charge-spin 
separation, where the constrained electron operator is 
decoupled as a product of a charge carrier and a local¬ 
ized spin, and then the electron motion is restricted in 
the restricted Hilbert space without double electron oc¬ 
cupancy Within the framework of the fermion-spin the¬ 
ory, weSSHS] have established a kinetic-energy driven SG 
mechanism, where the charge-carrier pairing state is con¬ 
ventional BCS-like with the d-wave symmetry, although 
the pairing mechanism is driven by the kinetic-energy 
by the exchange of spin excitations in the higher powers 
of the doping concentration. In particular, this kinetic- 
energy driven charge-carrier pairing state is controlled 
by both the charge-carrier pair gap and charge-carrier 
quasiparticle coherence, which leads to that the charge- 
carrier pair transition-temperature Tc takes a domelike 
shape with the underdoped and overdoped regimes on 
each side of the optimal doping, where Tc reaches its max¬ 


imum. Following this kinetic-energy driven SG mecha¬ 
nism, we in this paper develop a full charge-spin recombi¬ 
nation scheme, and then show that although the electron 
Cooper pairing state (then the SC-state) originates from 
the charge-carrier pairing state, the low-energy excitation 
of cuprate superconductors in the SC-state resembles the 
BCS-Bogoliubov quasiparticle. In particular, we show 
that the obtained formalism for the electron pairing can 
be used to compute the electronic structure of cuprate 
superconductors on the first-principles basis much as can 
be done for conventional superconductors. Moreover, the 
theory produces a large electron Fermi surface with the 
area that is given by 1 — <5, while the striking feature of 
the peak-dip-hump structure in the single-particle exci¬ 
tation spectrum around the antinodal point and remark¬ 
able Fermi arc behavior in the underdoped and optimally 
doped regimes are mainly caused by the strong energy 
and momentum dependence of the electron self-energy. 

The rest of this paper is organized as follows. Since the 
work in this paper builds on the kinetic-energy driven 
SC mechanism, a short summary of the formalism of 
the kinetic-energy driven SC mechanism is first given in 
Section]^ and then based on this kinetic-energy driven 
SC mechanism, the basic formalism of the full charge- 
spin recombination is presented, which is manifested it¬ 
self by the self-consistent equations that are satisfied by 
the full electron diagonal and off-diagonal Green’s func¬ 
tions. Moreover, we confirm that the SC transition- 
temperature Tc obtained from this full charge-spin re¬ 
combination scheme is identical to the charge-carrier pair 
transition-temperature. In Section |HI[ the full electron 
diagonal Green’s function is employed to study the elec¬ 
tronic structure of cuprate superconductors in the SC- 
state, and then some main features of the ARPES mea¬ 
surements on cuprate superconductors in the SC-state 
are qualitatively reproduced. Finally, we give a summary 
in Section hyi 


II. THEORETICAL FRAMEWORK 

Superconductivity in cuprate superconductors is found 
in copper oxide-based compounds with a layered crys¬ 
tal structure consisting of the two-dimensional Cu 02 
planes separated by insulating layeri^HH. The key ele¬ 
ment shared by all such structure is the Cu 02 , and then 
it seems evident that the relatively high Tc in cuprate su¬ 
perconductors is dominated by this Cu02 plane^®!. Im¬ 
mediately following the discovery of superconductivity in 
cuprate superconductors, AndersoiP^ argued that the es¬ 
sential physics of the doped Cu 02 plane is contained in 
the t-J model on a square lattice, 

H = -tY. +t'Y ClCl+fa + M E 

Ifja If <7 Icr 

+ j E 

li) 


( 1 ) 
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where the summation is over all sites I, and for each I, 
over its nearest-neighbors fj or the next nearest-neighbors 
T, (C'/cr) is electron creation (annihilation) operator 
with spin a, Si = (S'f , Sf, Sf) are spin operators, and /r is 
the chemical potential. In spite of its simple form, the t-J 
model 0 is proved to be very difficult to analyze, analyt¬ 
ically as well as numerically. However, the most difficult 
in the analytical treatment of the t-J model Q comes 
mainly from the local constraint of no double electron oc¬ 
cupancy, i.e., < 1, while the strong electron 

correlation manifests itself by this local constraint of no 
double electron occupancy, and therefore the crucial re¬ 
quirement is to impose this local constraint. In order to 
satisfy th is loc al constraint, we employ the fermion-spin 

formalisirPlMI^ 

in which the electron operators Cq and 
C4 are replaced by, 

Ci, = hy-, = ( 2 ) 

respectively. The spinful fermion operator hi„ = 
keeps track of the charge degree of freedom of the con¬ 
strained electron together with some effects of spin con¬ 
figuration rearrangements due to the presence of the 
doped hole itself (charge carrier), while the spin oper¬ 
ator Si represents the spin degree of freedom of the con¬ 
strained electron, and then the local constraint of no dou¬ 
ble occupancy is satisfied at each site. In this fermion- 
spin representation ([^, the original t-J model Q can be 
expressed explicitly as, 

Ir) 

- t' + hi,^hi^srst,,) 

If 

- ^J.'^hj^hiaJes'^Si ■ Si+fi, ( 3 ) 

1(7 If} 

where Jeff = (1 — d)^J, and 6 = {h\^hia) = {h\hi) is the 
charge-carrier doping concentration. Since the t-J model 
Q is obtained from the large-C/ Hubbard model, taking 
the large-t/ limit and making certain approximations^, 
there is a mixing of kinetic energy and potential energy 
(Coulombic contribution)!^ in going from the large-!/ 
Hubbard model to the t-J model Q, i.e., the original 
kinetic energy in the large-H Hubbard model has been 
reorganized as the kinetic energy of the lower Hubbard 
band in the t-J model Q, which therefore contains a 
strong Coulombic contribution due to the restriction of 
no double occupancy of a given site. However, as a con¬ 
sequence of the the t-J model ([^ in the fermion-spin 
representation, the mixing of kinetic energy and poten¬ 
tial energy in the kinetic-energy term of the original t-J 
model 0 has been released as the interaction between 
charge carriers and spins in the t-J model (|^, which 
therefore dominates the essential physics of cuprate su¬ 
perconductors, while the magnetic exchange-energy term 
is to form an adequate spin configuration only. In par¬ 
ticular, this spin configuration is strongly rearranged due 


to the effect of the charge-carrier hopping t on the spins. 
In the t-J model ([^, the charge-carrier quasiparticle and 
spin excitation are strongly renormalized each other be¬ 
cause of the coupling between the two degrees of free¬ 
dom. In this case, three basic low-energy excitations for 
the charge-carrier quasiparticle, spin excitation, and elec¬ 
tron quasiparticle, respectively, eme rge as the propagat¬ 
ing modes in a doped Mott insulatoj^^Ml^ with the scat¬ 
tering of charge-carrier quasiparticles due to spin fluc¬ 
tuations that mainly governs the charge transport, and 
the scattering of spin excitations due to charge-carrier 
fluctuations dominates the spin response, while as a nat¬ 
ural result of the charge-spin recombination, the electron 
quasiparticles are responsible for the electronic structure. 


A. Kinetic-energy driven superconducting 
mechanism 

It is commonly believed that the existence of c harge- 
carrier pairs is the hallmark of superconductivitj®HSl, 
since these charge-carrier pairs behave as effective 
bosons, and can form something analogous to a Bose 
condensate that flows without resistance. However, the 
pairing means that there is an attraction between charge 
carriers. In conventional superconductors, the effective 
attraction between charge carriers (electrons) generates 
by the exchange of phonons, which act like a bosonic 
glue to hold the charge-carrier pairs together^, and then 
these charge-carrier pairs condense into the SC-state. In 
this conventional electron-phonon SC mechanisnP^, the 
wave function for the pairs turns out to be peaked at 
zero separation of the charge carriers, and then the SC- 
state has a s-wave symmetry. On the other hand, the 
SC-state in cuprate superconductors is also character¬ 
ized by the charge-carrier pair^^, with an energy gap 
in the single-particle excitation spectrum. However, as 
a natural consequence of the unconventional SC mech¬ 
anism that is responsible for the high Tc, the charge- 
carrier pair in cuprate superconductors has a dominant d- 
wave symmetrySI, This d-wave SC-state also implies that 
there is a strongly momentum-dependent attraction be¬ 
tween charge carriers without phonon^^. In particular, 
a large body of experimental datcP®^^ available from a 
wide variety of measurement techniques benefits that the 
spin excitation, which is a generic consequence of strong 
electron correlation, can mediate the charge-carrier pair¬ 
ing state in cuprate superconductors in analogy to the 
phonon-mediate pairing mechanism in conventional su¬ 
perconductors. Within the framework of the fermion- 
spin theory 0, wd^^MlJ have established a kinetic-energy 
driven SC mechanism, where the attractive interaction 
between charge carriers originates directly from the in¬ 
teraction between charge carriers and spins in the kinetic 
energy of the t-J model 0 by the exchange of spin ex¬ 
citations in the higher powers of the doping concentra¬ 
tion. This attractive interaction leads to the formation of 
the charge-carrier pairs, while the electron Cooper pairs 
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originate from the charge-carrier pairing state are due to 
the charge-spin recombination, and then these electron 
Cooper pairs condense into the d-wave SC-state. Our 
work of the full charge-spin recombination and its appli¬ 
cation to study the electronic structure of cuprate super¬ 
conductors in the SC-state builds on the kinetic-energy 
driven SC mechanism in Refs.^^^®^, and only a short sum¬ 
mary of the formalism is therefore given in this subsection 
for convenience in the following discussions. In our pre¬ 
vious discussions in the doped regime without AFLRO, 
the full charge-carrier diagonal and off-diagonal Green’s 
functions of the t-J model in the charge-carrier pairing 
state satisfy following self-consistent equation^^sMU^ 


static-limit approximation as, 

Ah(k) = 1 ,^= 0 = Ah 7 k‘^\ (N 

^ = 1 - ReEj;;^ (k, a; = 0) |k=[..o], (8b) 

^hF 

where = (cosk^ — cosfcj,)/ 2 . It has been shown 
that the charge-carrier quasiparticle coherence antago¬ 
nizes superconductivity, and then Tc is depressed to low 
temperature^^. With the above static-limit approxima¬ 
tion in Eq. the full charge-carrier diagonal and off- 
diagonal Green’s functions in Eq. have been evalu¬ 
ated explicitly as, 


5(k,w) = g^°)(k,a;)-bg^°nk,w)[E^^^(k,a;)g(k,w) 


E(‘')(k,-cc)rt(k,..)], 

( 4 a) 

5 (k,w) 

5 ^°)(k, -a;)[E('’^(k,-cc)rt(k, -u) 
S2''^(k,-a;)g(k,w)], 

( 4 b) 

rt(k,cc) 


ZhF 


— ZhY 


Tp 


^hk 


w - Ehk 
Ahz(k) 
SEhk 


w ■ 


Ehk 


I 


1 


w — Ehk w + i?hk 


( 9 a) 
, ( 9 b) 


where the mean-field (ME) charge-carrier Green’s func¬ 
tion g^'^)“^(k,a;) = w —with the charge-carrier excita¬ 
tion spectrum ^k that has been given in Refs.^^sHUl^ while 
the charge-carrier self-energies E^*'^(k, w) in the particle- 
hole channel and E2^^(k, w) in the particle-particle chan¬ 
nel have been evaluated from the spin bubble as. 


where = \J I Ahz(k) p is the charge-carrier 

quasiparticle energy spectrum, ^k = Z^F^k is the 
renormalized charge-carrier excitation spectrum, and 
Ahz(k) = ^hFAh(k) is the renormalized charge-carrier 
pair gap, while the charge-carrier quasiparticle coherence 
factors. 


P,P' jPm 

X n(p, p',ipm), ( 5 a) 

P,P' iPm. 

X n(p,p',ip^), ( 5 b) 

respectively, with Ak = Ztjk — Zt'j[^, 7k = (coskx + 
cosky)/ 2 , and the spin bubble, 

n(p,p',zpm) = 

ip^m 

X + p,ip'^ + ipjn), (6) 

where the ME spin Green’s function has been obtained 
explicitly as, 

Zl(°)(k,a;) = - - —V ( 7 ) 

2 ujk — u^k UJ + cck / 

with the ME spin excitation spectrum Wk and the func¬ 
tion Bk that have been given explicitly in Ref.^^. In par¬ 
ticular, the charge-carrier self-energy (k, w) is iden¬ 
tified as the charge-carrier pair gap, while the charge- 
carrier quasiparticle coherent weight Z^f is closely re¬ 
lated to the antisymmetric part of the charge-carrier self¬ 
energy E^*'^(k, w). In the case of only discussions of the 
low-energy sector, the charge-carrier pair gap and charge- 
carrier quasiparticle coherent weight are obtained in the 


r/2 _ 

'Xhk — 


I + ^l 

Ekk) ’ 


^hk = ; ( 1 - 


^k 

Ehk 


(10a) 

(10b) 


with the constraint C/^^. + = 1 for any wave vector k 

(normalization). In spite of the pairing mechanism driven 
by the kinetic energy by the exchange of spin excitations, 
the results in Eqs. (|^ and ( 10 ) are the standard BCS 
expressions for a d-wave charge-carrier pairing state. 

Substituting the full charge-carrier diagonal and off- 
diagonal Green’s functions ^ into Eq. ([^, the self¬ 
energies E[^^(k, w) and E2*'^(k, w) have been evaluated 


explicitly. In this case, the self-consistent equations (8a) 


and (8b) that are satisfied by the charge-carrier pair 


gap parameter Ah and charge-carrier quasiparticle co¬ 
herent weight ZhF, respectively, have been solved simul¬ 
taneously with other self-consistent equations, and then 
all order parameters and charge-carrier chemical poten¬ 
tial have been determined by the self-consistent calcula¬ 
tion without using any adjustable parameterd^SMll Since 
the charge-carrier pair order is established through an 
emergence of the charge-carrier quasiparticle, the charge- 
carrier pairing state is controlled by both the charge- 
carrier pair gap Ah(k) and charge-carrier quasiparticle 
coherence ZhF, which is reflected directly from the self- 
consistent equations (^ and dSbl). In particular, the 
self-consistently calculated resul^^ of Tc shows that 
the maximal occurs around the optimal doping, and 
then decreases in both the underdoped and the overdoped 
















5 


regimes, in good agreement with the experimental re¬ 
sults of cuprate superconductor^. This microscopic SC 
theory has given a consistent description of the defin¬ 
ing characteristic of cuprate superconductors in the SC- 
state, includin g t he doping dependence of the conduc¬ 
tivity spectruiri^ observed in infrared measurements of 
the reflectance, the doping dependence of the electromag¬ 
netic respons^^ obtained by using muon-spin-rotation 
measurement technique, and the doping dependence of 
the dynamical spin respons^^ observed in inelastic neu¬ 
tron scattering and resonant inelastic X-ray scattering 
experiments. 


B. Charge-spin recombination 

In the kinetic energy driven SC mechanisnpSMlI^ 
charge-carrier pairing state induced by the interaction 
between charge carriers and spins in the kinetic energy 
of the t-J model (§ by the exchange of spin excita¬ 
tions also generates the formation of the electron Cooper 
pairing state. However, for discussions of the electronic 
structure of cuprate superconductors in the SC-state, we 
need to calculate the electron diagonal and off-diagonal 
Green’s functions G(! — /', t — t') = {{Cia{t);Cl^{t'))) and 
——t') = which are character¬ 

ized by the charge-spin recombination. In the fermion- 
spin theory ([^, the constrained electron is decoupled as 
a product of a charge carrier and a localized spin. How¬ 
ever, in contrast with the charge-spin separation, the 
purpose of the charge-spin recombination is to recover 
a constrained electron in terms of the recombination of a 
charge carrier and a localized spi n. In the conventional 
charge-spin recombination schemdl^ ^b 4 | 36 | 37 |^ electron 
Green’s function in space-time is a product of the charge- 
carrier and spin Green’s functions, and then the resulting 
Fourier transform is a convolution of the charge-carrier 
and spin Green’s functions. Based o n the c onventional 
charge-spin recombination scheme, ■^y (j 40 | 49 | 50 | j^g^yg gvalu- 
ated the electron diagonal and off-diagonal Green’s func¬ 
tions, and found that two characteristic features of the 
charge-carrier pairing state in Eq. are kept in the 
electron Cooper pairing state: (A) The electron Cooper 
pairing state still is conventional BCS-like with the d- 
wave symmetry; (B) is identical to the charge-carrier 
pair transition-temperature. Within the framework of 
the kinetic energy driven SC mechanism, the electron 
Cooper pairing state originates from the charge-carrier 
pairing state, therefore these two characteristic features 
of the charge-carrier pairing state also are common prop¬ 
erties of the electron Cooper pairing state, and they must 
be preserved in the electron Cooper pairing state ob¬ 
tained in terms of the charge-spin recombination . How - 
ever, the conventional charge-spin recombinatiorP^*^ is 
a partial charge-spin recombination, since the electron 
Green’s function obtained from this conventional charge- 
spin recombi natio n does not produce a large electron 
Fermi surfac^SUsSl, reflecting that the separated charge 


carrier and localized spin can not be fully recombined 
into a constrained electron. 

Within the framework of the fermion-spin theory (H. 
the coupling between the charge-carrier quasiparticle and 
spin excitation is manifested itself by the self-consistent 
equations Q. Experimentally, it has been established 
unambiguously that in the doped regime, the electron 
quasiparticle also couples to the spin excitatiorP®^!!!!! 
On the other hand, the unique aim of the charge-spin 
recombination is to recombine the charge-carrier and 
spin Green’s functions into the electron Green’s function, 
which therefore implies that the coupling form between 
the electron quasiparticle and spin excitation should be 
the same as that between the charge-carrier quasiparti¬ 
cle and spin excitation, in other words, the self-consistent 
equations satisfied by the full electron diagonal and off- 
diagonal Green’s functions in the SC-state should be the 
same with these in Eq. satisfied by the full charge- 
carrier diagonal and off-diagonal Green’s functions. In 
this case, we can perform a full charge-spin recombina¬ 
tion in which the charge-carrier diagonal and off-diagonal 
Green’s functions in Eq. are replaced by the electron 
diagonal and off-diagonal Green’s functions G(k, w) and 
S5^(k, w), respectively, and then the self-consistent equa¬ 
tions satisfied by the electron diagonal and off-diagonal 
Green’s functions of the t-J model in the SC-state can 
be obtained explicitly as, 

G(k,a;) = G(°)(k,a;)-h G(°)(k,w)[Ei(k,a;)G(k,a;) 

- E2(k,-a;) 9 'f(k,w)], (Ila) 

^^■(k,^) = G(°)(k,-w)[Ei(k,-a;)S5l'(k,-a;) 

+ E2(k,-a;)G(k,tc)], (lib) 

with the MF electron Green’s function G*'°^(k,tLi) that 

can be obtained directly from the t-J model Q as, 

G(°)(k,a;) = (12) 

w - ek 

where the MF electron excitation spectrum £k = 
-Zt-fk Zt'^'y. fi, with 7k = (coskx + cosfcy)/2, = 

cosk^cosky, and Z is the number of the nearest-neighbor 
or next nearest-neighbor sites on a square lattice, while 
the electron self-energies Ei(k, w) in the particle-hole 
channel and E2(k, w) in the particle-particle channel can 
be obtained directly from the charge-carrier self-energies 
in Eq. <§ by the replacement of the charge-carrier di¬ 
agonal and off-diagonal Green’s functions with the corre¬ 
sponding electron diagonal and off-diagonal Green’s func¬ 
tions as, 

Ei(k,ia;„) = -^'^Al^p,^^^'^G{p + k,ipm + iu}n) 

P,P' iPm. 

X n(p,p',ipm), ( 13 a) 

E2(k,fw„) = ^ ^ + 

P,P' iPm. 

X n(p,p',ip„). ( 13 b) 
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In analogy to the case in the charge-carrier pairing 
stat^^SMl]^ both the pairing force and electron Cooper 
pair order parameter have been incorporated into the 
electron self-energy S 2 (k, u) in the particle-particle chan¬ 
nel, and therefore it is called the electron Cooper pair gap 
in the electron excitation spectrum, A(k, w) = I] 2 (k, w), 
which determines both the quasiparticle energy spectrum 
and the energy of the condensate. On the other hand, the 
electron self-energy Ei(k, w) in the particle-hole channel 
renormalizes the MF electron spectrum, and therefore it 
describes the electron quasiparticle coherence. In partic¬ 
ular, the electron self-energy S 2 (k,tLi) is an even function 
of uj, while the electron self-energy Ei(k,CLi) is not. It 
therefore follows common practice to separate the elec¬ 
tron self-energy Ei(k, w) into the symmetric and anti¬ 
symmetric parts, i.e., Ei(k, w) = Eie(k, w)-|-a;Eio(k, w), 
and then both Eie(k, w) and Eio(k, w) are an even func¬ 
tion of w. Moreover, the antisymmetric part Eio(k, w) 
of the electron self-energy Ei(k, w) is directly associ¬ 
ated with the electron quasiparticle coherent weight as, 
Zf^(k,uj) = I — ReEio(k,a;). Since we only focus on 
the low-energy behavior, the electron Cooper pair gap 
and electron quasiparticle coherent weight can be gen¬ 
erally discussed in the static-limit approximation, i.e., 
A(k) = E 2 (k,a;) U=o= Aq^'^^ and Zf\k) = 1 - 
ReEio(k, w) \ui=o- As in conventional superconductor^^, 
the retarded function ReEie(k, w) just renormalizes 
the chemical potential. Although Zp (k) still is a function 
of momentum, however, the wave vector k in Z^ik) can 
be chosen as, 

^ = I - ReEio(k,w = 0) |k=[,,,o], (14) 

Zp 


just as it has been done in the ARPES experiment^^MSl 
With the help of the above static-limit approximation, 
the full electron diagonal and off-diagonal Green’s func¬ 
tions in Eq. 0 can be evaluated explicitly as. 


G(k,ca) 
S5l(k, w) 


7 ( I \ 

^ Vw - Ek w -I- EkJ ’ 

A(k) 


(15a) 

(15b) 


where Ak = \J£i+ I Az(k) 12 is the electron quasiparti¬ 
cle energy spectrum, Ek = ^pSk is the renormalized elec¬ 
tron excitation spectrum, and Az(k) = 7FA(k) is the 


renormalized electron Cooper pair gap, while the elec¬ 
tron quasiparticle coherence factors. 




—) 

(16a) 

—) 

E^J ’ 

(16b) 


satisfy the sum rule = I for any wave vec¬ 

tor k (normalization). In spite of the electron Cooper 
pairs originated from the charge-carrier pairing state, the 
standard d-wave BCS formalism in Eqs. (15) and (16) 
obtained from the kinetic energy driven SC mechanism 
have unambiguously indicates the Bogoliubov quasiparti¬ 
cle nature of the low-energy excitations of cuprate super¬ 
conductors in the SC-state, i.e., the Bogoliubov quasi¬ 
particle does not carry definite charge, and is a coher¬ 
ent combination of the electron and its absence, then 
the SC coherence of the low-energy quasiparticle exci¬ 
tations and the related electronic structure can be dis¬ 
cussed on the first-principles basis much as can be done 
for conventional superconductors. In this case, the char¬ 
acteristic feature (A) of the charge-carrier pairing state 
is therefore satisfied by the standard d-wave BCS for¬ 
malism in Eqs. ([T^ and (16). In particular, it should 


be emphasized that the Bogoliubov-type dispersion of 
cuprate superconductors in the SC-state, and the mo¬ 
mentum dependence of the coherence factors 17k and 14 ; 
in Eq. (16) have been confirmed experimentally from the 
ARPES measurement On the other hand, the elec¬ 

tron quasiparticle coherent weight 7 f reduces the elec¬ 
tron quasiparticle bandwidth, and suppresses the spec¬ 
tral weight of the single-particle excitation spectrum, 
then the energy scal^^ of the electron quasiparticle band 
is controlled by the magnetic exchange coupling J. More¬ 
over, the AE short-range order (AESRO) correlation has 
been incorporated into the SC-state through the spin’s 
order parameters entering into the electron self-energies 
(13) in the particle-particle and particle-hole channels, 
therefore there is a coexistence of the SC-state and AF- 
SRO correlation, and then AFSRO fluctuation persists 
into superconductivity. 

Since the full electron diagonal and off-diagonal 
Green’s functions have been obtained explicitly in Eq. 
(15), it is straightforward to evaluate the electron self¬ 
energies Ei(k, w) and E 2 (k, w) in Eq. (13) as. 


£i(k,a;) = 


iV 2 


pp'i/ 


14 


p+k 


(-l)"+'f^pp'k 

t'p+k 

/ pM 

^Ipp'k 


p(v) 

■^2pp'k 

cj -|- uji/pp' Ep-^\^ 

LU 

^lypp' ^p+k 

^Ipp'k 

L 

pM \ ■ 

2pp'k \ 






A, 


p+k 


Ul + UJ, 


l/pp' 


A, 


P+k 


(17a) 
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S2(k,u;) = + 


2E, 


p+k 


R 




Ipp'k 


U! — UJ; 


1/pp' 


■E, 


p+k 


Fr 


(F 


uj F ujj 


K 




Ipp'k 


2pp'k 


UJ “h CJi/pp/ £/p-[-k ^i^pp' ^p+k 


2pp'k 


L/pp' 


+ E, 


p+k 


(17b) 


respectively, with v = 1,2, 

■^FAp_|_p/_|_]^.i?p'-Bp-|-p'/ (4wp/Wp_|_p/), 

Wp+p' — (—l)‘^a;p', and the functions. 




pp'k — 


F) 

Ipp'k 

F) 

2pp'k 


IBpp' ' '^2Bpp'’ 


= nF(-Ep+k)?^ 

= [1 ~ ^F(7ilp+k)]?T-iBpp/ 


''2Bpp'> 


(18a) 

(18b) 


where n 




IBpp' ~ ^ ■'T-B (+'p'+p) + ^b[( 1) ^ ^p']j 

"- 2 Bpp' = «B(wp'+p)nB[(-l)‘'''‘^+’p'], and nB(a;) and 
nF(a;) are the boson and fermion distribution functions, 
respectively. In this case, the electron quasiparticle co¬ 
herent weight Z-p and electron Cooper pair gap parameter 
A satisfy following two self-consistent equations, 


Zf ^ + /V2 XI ( 


7V2 




1 = 


4 

JP 


pp'ki/ 


.. ( 

pp) 

Ipp'kA , 

piF \ 

^2pp'kA \ 

(19a) 

'PP'Ka 1 / , p \2 ' 

y f+'i/pp' EpAkAl 

(wi/pp' + J 

(d) (d) 

7k 7p+k 

/ pF 

/ -f^lpp'k 

pp) \ 

2pp'k j 

(19b) 

1 k 

^p+k 

\ ^p-\-lz. 

^i^pp' X^p+k / 


r 


with kA = [7r,0]. These two equations (|19a|) and (19b) 


must be solved simultaneously with the self-consistent 
equation, 


1 




1 - 


then the electron quasiparticle coherent weight Zp^ the 
electron Cooper pair gap parameter A, and the electron 
chemical potential /i are determined by the self-consistent 
calculation without using any adjustable parameters. 



FIG. 1: Tc as a function of doping for t/J = 2.5 and t' jt = 
0.3. Inset: the corresponding experimental results of cuprate 
superconductors taken from Ref. 


lated self-consistently. In particular, F has been ob¬ 
tained self-consistently from the self-consistent equations 
(19) and (20) at the condition A = 0, and the calculated 


result of Tc as a function of doping for t/J = 2.5 and 
t'/t = 0.3 is plotted in Fig. in comparison with the 
corresponding experimental result^^ (inset). It is shown 
clearly that F increases with increasing doping in the 
underdoped regime, and reaches a maximum around the 
optimal doping, then decreases with increasing doping in 
the overdoped regime, in good agreement with the ex¬ 
perimental results of cuprate superconductor^^. In par¬ 
ticular, in a given doping concentration, the value of F 
obtained from the electron Cooper pairing state is the 
same as that obtained from the corresponding charge- 
carrier pairing stat^^, and therefore the characteristic 
feature (B) of the charge-carrier pairing state is satis¬ 
fied exactly. Within the framework of the kinetic-energy 
driven SC mechanism, the effective attractive interac¬ 
tion between charge carriers originates in their coupling 
to spin excitations, while in the present full charge-spin 
recombination scheme in Eqs. (15) and (16), the elec¬ 


The above equations (19) and (20) have been calcu- 


tron pairing interaction is mediated by the same spin 
excitations, which therefore leads to that F is identi¬ 
cal to the charge-carrier pair transition-temperature, and 
then the domelike shape of the doping dependence of F 
with the maximal value appearing around the optimal 
doping obtained from the electron Cooper pairing state 
is a natural consequence of the domelike shape of the 
doping dependence of the charge-carrier pair transition- 
temperature with the maximal value appearing around 






























the same optimal doping obtained from the charge-carrier 
pairing stat^^. Moreover, in the present full charge-spin 
recombination scheme, the hole-like charge-carrier quasi¬ 
particle coherence factors Vhk and [/hk in Eq. (101 and 
the related BCS expressions for the d-wave charge-carrier 
pairing state in Eq. have been transferred into the 
electron quasiparticle coherence factors C/k and 14; in Eq. 
(161 and the related d-wave BCS formalism for the elec¬ 
tron Cooper pairing state in Eq. (15), respectively, which 
means that the d-wave charge-carrier pairs condense in a 
wide range of the doping concentration, then the electron 
Cooper pairs originated from the charge-carrier pairing 
state are due to the full charge-spin recombination, and 
their condensation automatically gives the electron quasi¬ 
particle character. In this case, as in conventional su¬ 
perconductors, the quasiparticles of the electron Cooper 
pairs in cuprate superconductors also are the excitation 
of a single electron dressed with the attractive interaction 
between paired electrons. 


III. ELECTRONIC STRUCTURE 

The electronic state in a solid is characterized by its 
energy dispersion as well as the characteristic lifetime 
(then the characteristic scattering rate) of an electron 
placed into such a state. This state is just represented 
by the electron Green’s function, while the electron spec¬ 
tral function is directly related to the analytically contin¬ 
ued electron Green’s function as A(k, uj) = —2ImG(k, w). 
Since many of the physical properties have often been 
attributed to particular characteristics of the low-energy 
quasiparticle excitations determined by the electron spec¬ 
tral functiorPt^, then a central issue to clarify the nature 
of the physical properties is how the electron spectrum 
evolves with the doping concentration. 


A. Doping dependence of electron spectrum 

The electron spectral function A(k, w) is obtained di¬ 
rectly from the above electron diagonal Green’s function 
( 15a| ) as, 

A{k,uj) = 2TTZF[UiS{uj-Ek) + V^S{uj + Eu)],{21) 

where the height of the SG quasiparticle peak below the 
electron Fermi surface is assigned a weight ZpV^, while 
that of the peak above the electron Fermi surface is as¬ 
signed a weight ZpU^, therefore the products of the elec¬ 
tron coherence factors and the electron quasiparticle co¬ 
herent weight describe the relative intensity of the Bogoli- 
ubov quasiparticle branches above and below the electron 
Fermi surface. 

We are now in a position to compare the theoretical 
results derived based on the kinetic energy driven SG 
mechanism with existing ARPES data. We have per¬ 
formed a series of calculations for the electron spectral 



(OIJ 

FIG. 2: The electron spectral function near the [tt, 0] point 
at 5 = 0.09 (solid line), <5 = 0.15 (dashed line), and 5 = 
0.20 (dotted line) with T = 0.002J for t/J = 2.5 and 
t'/J = 0.3. Inset: the corresponding experimental result of 
Bi 2 Sr 2 CaCu 2 08+2: taken from Ref. [20] . 


function A(k, w) in Eq. (21) with different doping con¬ 
centrations, and the result of A(k, w) near the antinodal 
[tt, 0] point of the Brillouin zone (BZ) at the doping con¬ 
centrations 6 = 0.09 (solid line), <5 = 0.15 (dashed line), 
and S = 0.20 (dotted line) with temperature T = 0.002J 
for parameters t/J = 2.5 and t'/J — 0.3 is plotted in 
Fig. [g in comparison with the corresponding experi¬ 
mental resuhP^ of Bi2Sr2GaGu208+a; (inset). Our re¬ 
sult shows that there are sharp low-energy SC quasipar¬ 
ticle peaks below the electron Fermi energy near the [tt, 0] 
point, which are closely associated with electron Cooper 
pairing below Tc. Using an reasonably estimative value 
of J ~ 100 meV in cuprate superconductors, the posi¬ 
tion of the low-energy SC quasiparticle peak at <5 = 0.15 
is located at Wpeak ~ 0.5J « 50 meV, which is not too 
far from the Wpeak ~ 40 meV observed^ in the opti¬ 
mally doped Bi 2 Sr 2 CaCu 2 08+a;. However, the electron 
spectrum is doping dependent, and the weight of the low- 
energy SC quasiparticle peak in the underdoped regime 
increases with the increase of doping, while the position 
of the low-energy SC quasiparticle peak shifts towards to 
the electron Fermi ener gy, in qualitative agreement with 
the experimental resultPl^hMUl 

For a complement of the analysis of the nature of 
the low-energy SC quasiparticle excitations, we have 
made a calculation for A(k, w) along the cut direction 
[0.6797r, 0.4697r] to [O.GSItt, 0.47l7r] crossing the electron 
Fermi surface just as it has been done in the ARPES 
experimentJi^, and the result of A(k, w) as a function of 
energy with T = 0.002J for t/J = 2.5 and t'/ J = 0.3 
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FIG. 3: The electron spectral function along the cut po¬ 
sition [0.6797r, 0.4697r] to [0.68l7r, 0.47l7r] at 5 = 0.15 with 
T = 0.002J for t/J = 2.5 and t'/t = 0.3. Inset: the cor¬ 
responding experimental result of Bi 2 Sr 2 CaCu 208 +a; taken 
from Ref. [19]. 


at (5 = 0.15 is plotted in Fig. in comparison with 
the corresponding experimental resullfi^ of the optimally 
doped Bi2Sr2CaCu208+5 (inset). In Fig. the thick 
solid curve is the momentum distribution curve where 
the electron coherence factors at the electron 

Fermi energy. It is apparent that the theoretical result 
captures the qualitative feature of the momentum de¬ 
pendence of the electron spectrum observed experimen¬ 
tally on cuprate superconductors in the SC-stat j^ * ^ * ^^" ^. 
There are two branches of dispersion centered at the 
electron Fermi energy, however, two sharp low-energy 
SC quasiparticle peaks in each energy distribution curve 
exhibit an evolution of the relative peak height at dif¬ 
ferent momentum positions due to the momentum de¬ 
pendence of the coherence factors. In particular, the 
spectral intensity of the two branches shows an oppo¬ 
site evolution as a function of k along the cut direc¬ 
tion [O.GTQtt, 0.4697r] to [O.GSItt, 0.47l7r]. Before reach¬ 
ing the Fermi wave vector fcp along the cut direction 
[0.6797r, 0.4697r] to [O.GSItt, 0.47l7r], the low-energy SC 
quasiparticle peak below the electron Fermi energy has a 
higher intensity than that above the electron Fermi en¬ 
ergy. However, after passing the Fermi wave vector fcp, 
the low-energy SC quasiparticle peak above the electron 
Fermi energy has a higher intensity than that below the 
electron Fermi energy. This crossover behavior near the 
Fermi wave vector kp, a characteristic of the Bogoliubov 
quasiparticle dispersion in conventional superconductors 
in the SC-state, therefore appears in cuprate supercon¬ 
ductors. 



FIG. 4: (Color online) The spectral intensity maps at the 
electron Fermi energy in <5 = 0.12 with T — 0.002J for t/J = 
2.5 and t'/t = 0.3. Inset: the corresponding experimental 
data of Bi 2 Sr 2 CaCu 2 0g+a; taken from Ref. m- 


The notion of the Fermi surface is one of the charac¬ 
teristic concepts in the field of condensed matter physics, 
and it plays a crucial role in the understanding of the 
physical properties of interacting electron systems. This 
is why a central question in the theory of cuprate su¬ 
perconductors concerns the nature of the electron Fermi 
surface. In Fig. we plot the maps of the spectral in¬ 
tensity H(k, 0) at the electron Fermi energy in 5 = 0.12 
for t/J = 2.5 and t!jt = 0.3 with T = 0.002J in com¬ 
parison with the corresponding experimental resultP^ of 
the underdoped Bi2Sr2CaCu208-i-x (inset). Obviously, 
the electron Fermi surface forms a continuous contour 
in momentum space. In particular, we find that within 
the framework of the standard d-wave BCS formalism 
in Eqs. (15) and (16), the electron Fermi surface in 
the entire dopin g rang e forms a continuous contour in 
momentum spacd^iHSZl Moreover, according to one of 
the self-consistent equations (20), the electron Fermi sur¬ 
face satisfies Luttinger’s theorem, i.e., the electron Fermi 
surface area contains 1 — i5 electrons. However, we will 
show in the following discussions that in the underdoped 
and overdoped regimes, the energy and momentum de¬ 
pendence of the electron self-energy in the particle-hole 
channel truncates this continuous contour in momentum 
space into the disconnected Fermi arcs located around 
the nodal region of BZ. 


All above theoretical results are qualitatively con¬ 
sistent with the ARPES experimental data of cuprate 
superconductor^i^H^, and therefore show that the basic 
d-wave BCS formalism obtained from the kinetic energy 
driven SC mechanism can correctly reproduce some main 
features of the SC coherence of the low-energy quasipar¬ 
ticle excitations observed in cuprate superconductors in 
the SC-state. 
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B. Effect of energy and momentum dependence of 
self-energy on electron spectrum 

It is well known that the electron correlation in solids 
is closely related to the electron self-energy. In particu¬ 
lar, the positions of the quasiparticle peaks in the elec¬ 
tron spectrum are determined by the electron self-energy. 
Although the d-wave BCS expression in Eq. (21) gives 


qualitative insight into the electronic spectrum in the 
SC-state, the detailed form of the line shape that arises 
from the strong energy and momentum dependence of 
the electron self-energy is not contained in the simple d- 


wave BCS formalism (15). In the following discussions, 
we show explicitly that the striking feature of the peak- 
dip-hump structure in the electron spectrum of cuprate 
superconductors and the remarkable Fermi arc behavior 
in the underdoped and optimally doped regimes are inti¬ 
mately connected with the strong energy and momentum 
dependence of the electron self-energy. In order to take 
into account the effect of the energy and momentum de¬ 
pendence of the electron self-energy on the electron spec¬ 
trum in the SC-state, the full electron diagonal and off- 
diagonal Green’s functions in Eq. (11) can be rewritten 
as, 


G(k,cc) 
S5'^(k, w) 


1 

w - £k - Ei(k,a;) - [A(k)]2/[a; -|--|- Ei(k,-w)] ’ 

_A(k^_ 

[w - Ek - El (k, w)] [w -I- ek -b El (k, -w)] - [A(k)]2 ’ 


(22a) 

(22b) 


where the energy and momentum dependence of the elec¬ 
tron self-energy Ei(k,w) in the particle-hole channel has 
been given explicitly in Eq. (17a), and then the electron 
spectral function. 


A(k, w) = —2ImG(k,w), 


(23) 


can be evaluated direc tly from the full electron diagonal 
Green’s function (22a). 


Although the sharp quasiparticle excitations are iden- 
tihed in the SC-state along the entire electron Fermi sur¬ 
face, the peak-dip-hump structure is most strongly de¬ 
veloped around the [tt, 0] point. In Fig. [5 we plot the 
electron spectral function A(k, w) in Eq. (2^ near the 
[tt, 0] point for t/J = 2.5 and t'/t = 0.3 with T = 0.002J 
at (5 = 0.20 in comparison with the corresponding ex¬ 
perimental resullP^ of the overdoped Bi 2 Sr 2 CaCu 208 + 2 , 
(inset), where the main feature of the electron spectral 
function in cuprate superconductor^SHHH! is qualitatively 
reproduced. In particular, the position of the low-energy 
SC quasiparticle peak is located at Wpeak ~ 0.32J « 32 
meV, which is well consistent with the Wpeak ~ 35 meV 
observecPH in the overdoped Bi 2 Sr 2 CaCu 208 +x- In com¬ 
parison with the corresponding result in Fig. we there¬ 
fore find that an additional peak in the electron spectrum 
appears at the higher energy region, however, the weight 
of this additional peak is much smaller than that in the 
lower-energy region. In this case, the electron spectrum 
consists of two peaks, with a sharp low-energy peak that 
is corresponding to the SC coherence of the quasiparticle 
excitation, and a weak high-energy peak, which is associ¬ 
ated with the hump, while the spectral dip is in between 
them, and then the total contributions for the electron 
spectrum give rise to the peak-dip-hump structure, in 
good agreement with the ARPES exper imental observa¬ 
tions on cuprate superconductors^^EniEs] present 



03 U 

FIG. 5: The electron spectral function near the [tt, 0] point at 
5 — 0.20 with T = 0.002J for tjJ = 2.5 and t'jt — 0.3. Inset: 
the corresponding experimental data of Bi 2 Sr 2 CaCu 2 0g+a; 
taken from Ref. |22 |. 


result in Fig. [^also indicates that the existence of the dip 
requires additional structure in the electron self-energy, 
and then the striking feature of the peak-dip-hump struc¬ 
ture in the single-particle excitation spectrum is closely 
related to the strong energy and momentum dependence 
of the electron self-energy. This is different from the case 
in conventional superconductors, where the electron self- 
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energy has essentially no momentum dependence. 

To analyze the effect of the strong energy and momen¬ 
tum dependence of the electron self-energy on the elec¬ 
tron Fermi surface, we plot the electron spectral density 
A(k, 0) in Eq. (231 at the Fermi energy in 5 = 0.12 for 
tj J = 2.5 and vft = 0.3 with T = 0.002J in Fig. F or 
comparison, the corresponding experimental resuTP^ of 
the underdoped Ca2_2,Naa;Cu02Cl2 is also shown in Fig. 
1^ (inset). In comparison with the corresponding result 
in Fig. 1^ the present result in Fig. shows clearly that 
the electron Fermi surface in the underdoped regime does 
not form a continuous contour in momentum space due 
to the presence of the energy and momentum dependence 
of the electron self-energy, where the electron self-energy 
suppression first opens up near the antinodal region, and 
then the electron Fermi surface is broken into the discon¬ 
nected Fermi arc around the nodal region. In particular, 
w tP have made a series of calculations for the electron 
spectral density ^(k, 0) at the Fermi energy with differ¬ 
ent doping concentrations, and the result shows that the 
strength of the electron self-energy suppression progres¬ 
sively decreases as the doping concentration is increased, 
and then there is a tendency towards to form a continu¬ 
ous contour in momentum space. This tendency is par¬ 
ticularly obvious in the overdoped regime, and then the 
electron Fermi surface evolves into a continuous contour 
in momentum space at the heavily overdoped regime, in 
qualitative agreement with experimental datcPSH22l 



FIG. 6: (Color online) The spectral intensity maps at the 
electron Fermi energy in <5 = 0.12 for tj J = 2.5 and t'/t — 0.3 
with T = 0.002J. Inset: the corresponding experimental data 
of Ca2-a;Nai,Cu02Cl2 taken from Ref. [31] . 


Now we turn to discuss the electron momentum distri¬ 
bution. The number of electrons in state k is obtained 
by summing over all energies w, weight by the electron 
spectral function (23) as. 


^kcr 



duj 

27r 


nF(a;)^(k, ui). 


(24) 



FIG. 7: The electron-momentum distribution along the k = 
[0,0] to k = [7r,7r] direction at <5 = 0.12 with T = 0.002J for 
t/ J = 2.5 and t'/t = 0.3. Insets: the corresponding numerical 
result taken from Ref. isni 


For a better understanding of the nature of the electron 
Fermi surface in the kinetic energy driven SC mechanism, 
we plot the electron momentum distribution nko- in Eq- 
(24) along the k = [0, 0] to k = [tt, tt] direction at <5 = 0.12 
with T = 0.002J for t/J = 2.5 and t'/t = 0.3 in Fig. 0 
in comparison with the corresponding numerical resull)^ 
obtained from a variational Monte Carlo technique. Since 
the total number of electrons does not depend on the in¬ 
teraction, the integrated area under the curve is equal 
to 1 — (5, and therefore is consistent with that predicted 
by the Luttinger’s theorem. The shape of the electron 
momentum distribution on the other hand is a should- 
be electron momentum distribution of the system in the 
presence of interactions, i.e., in some part (below the elec¬ 
tron Fermi energy) the distribution is closer to 1, while 
in other part (above the electron Fermi energy) it is ap¬ 
proximately closer to zero, in qualitative agreement with 
the results obtained from the numerical simulation^^nHsU 
The above calculated result based on the kinetic- 
energy driven SC mechanism is able to give qualitative 
description of the electronic structure of cuprate super¬ 
conductors in the SC-state. In this case, a natural ques¬ 
tion is: What is the reason why the electronic structure of 
cuprate superconductors in the SC-state can be described 
qualitatively within the framework of the kinetic-energy 
driven superconductivity. To our present understanding, 
there are, at least, two reasons: (A) Although the physi¬ 
cal properties of cuprate superconductors in the normal- 
state are fundamentally different from these in the stan¬ 
dard Landau Fermi-liquid state, the kinetic-energy driven 
SC-state still is conventional BCS-like with the d-wave 
symmetry; (B) The emergence of the doping dependence 
of the pseudogap is essential. In our previous worlPS, 
we have shown that the same charge-carrier interaction 
mediated by spin excitations that induces the charge- 
carrier pairing state in the particle-particle channel also 
generates the pseudogap state in the particle-hole chan¬ 
nel, and therefore the pseudogap has been identified as 
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being a region of the charge-carrier self-energy in the 
particle-hole channel in which the pseudogap suppresses 
the low-energy spectral weight of the quasiparticle exci¬ 
tation spectrum. Since the electron Cooper pairing state 
originated from the charge-carrier pairing state is due 
to the full charge-spin recombination, the physics of the 
pseudogap state in the charge-carrier pairing state is also 
true in the present electron Cooper pairing state. This 
follows from a fact that the electron self-energy I]i(k, w) 
in the particle-hole channel in Eq. (17a) also can be 
rewritten approximately as, 


Si(k,cc) 


[ApG(k)]^ ^ 

W -|- Eok 


(25) 


where eok = ^ 2 '^^(k)/Ti'*^(k) is the energy spectrum of 
I]i(k, w), and ApG(k) = L2®^(k)/[2C^L^®^(k)] is the pseu¬ 


dogap, with the functions L^®^(k) = —Eio(k, w = 0) and 
L2'*^(k) = Ei(k,w = 0), and can be obtain ed d irectly 
from the electron self-energy Ei(k, w) in Eq. (17a). This 


pseudogap ApG(k) is also identified as being a region 
of the electron self-energy in the particle-hole channel in 
which the pseudogap ApG(k) suppresses the low-energy 
spectral weight of the single-particle excitation spectrum. 
This pseudogap (then the electron self-energy) there¬ 
fore induces the appearance of the additional high-energy 
peak in the electron spectrum, leading to the formation 
of the peak-dip-hump structure, and gaps out the antin- 
odal region of the electron Eermi surface, leading to that 
the electron Eermi surface consists, not of closed contour, 
but only of four disconnected Eermi arcs centered around 
the nodes. In particular, wj^find that the present pseu¬ 
dogap ApG(k) in Eq. (25) has the same doping depen¬ 
dence as that obtained previously from the charge-carrier 
self-energy in Ref.l^, i.e., the magnitude of the pseudo¬ 
gap parameter Apg is particular large in the underdoped 
regime, and then it smoothly decreases upon increasing 
doping, in qualitative agreement with the ARPES exper¬ 
imental result^. This doping dependence of the pseudo¬ 
gap ApG (k) therefore leads to an evolution of the Eermi 


arcs with doping in 


cuprate superconductor^^MSH 


IV. CONCLUSIONS 


Within the framework of the kinetic energy driven SC 
mechanism, we have developed a full charge-spin recom¬ 
bination scheme. Following this full charge-spin recom¬ 
bination scheme, we have evaluated explicitly the full 
electron diagonal and off-diagonal Green’s functions, and 
then reproduced some main features of the electronic 
structure in cuprate superconductors in the SC-state. 
Our result shows that the theory produces a large elec¬ 
tron Fermi surface with the area that contains I —15 elec¬ 
trons, while the SC coherence of the low-energy quasipar¬ 
ticle excitations is qualitatively described by the standard 
d-wave BCS formalism, although the pairing mechanism 
is driven by the kinetic energy by the exchange of spin 
excitations in the higher powers of the doping concen¬ 
tration. Our result also shows that the striking peak- 
dip-hump structure in the electron spectrum and the re¬ 
markable Fermi arc behavior in the underdoped regime 
are mainly caused by the strong energy and momentum 
dependence of the electron self-energy. The qualitative 
agreement between the theoretical result and ARPES ex¬ 
perimental data is important to confirm that the SC-state 
of cuprate superconductors still is conventional BCS-like 
with the d-wave symmetry. 
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